An experimental model for repeated ischemic attacks, which allows easy induction of cerebral ischemia of any desired duration and frequency, has been devel oped in the gerbil. With this procedure, a pronounced cu mulative effect on development of edema and tissue in jury was observed using 3 separate, 5-min bilateral occlu sions of the common carotid arteries spaced at various time intervals. This effect was most evident when the oc clusions were carried out at I-h intervals, i.e., during the period of marked postischemic hypoperfusion. Such an imals, killed after 24 h of recirculation, showed signifi cantly more severe edema and brain tissue injury in the areas exposed to ischemia than was observed in animals Intervals of cerebral ischemia and recirculation can occur in the neurosurgical setting of vascular repair (Yasargil and Fox, 1975) . In addition, tempo rary circulatory insufficiencies with a variety of etiologies constitute the clinical picture of transient ischemic attacks (Russell, 1983) . Many ischemia models have employed single occlusions of varied duration, and only a few procedures have been pro posed specifically as models of transient ischemic attacks and stroke in man (e.g., Fieschi et aI., 1975; Furlow and Bass, 1976) . However, no studies have carefully examined the consequences of repeated ischemic insults of defined duration and frequency that could provide a basis for understanding the special risks associated with cycles of ischemia and recirculation. The purpose of this study was to de velop an experimental model that can be used in a simple, reproducible way to systematically study the effects of repeated ischemic episodes on brain
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tissue and thus to understand better the mecha nisms and dynamics of brain injury involved in such conditions.
MATERIALS AND METHODS

Surgical preparation
Experiments were carried out on 3-month-old female gerbils of 50 to 70 g body weight (Tumblebrook Farms, West Brookefield, MA, U.S.A.). The operative proce dure consisted of two stages: (a) implantation of the oc cluding device at least 7 days before SUbjecting animals to ischemic insults, and (b) carrying out repeated occlusions of the common carotid arteries.
For the implantation of the device, the animals were anesthesized by intraperitoneal injection of sodium pen tobarbital (50 mg/kg) and injected intramuscularly with atropine sulfate (0.1 mg/kg) for suppression of vagal re flex and tracheal secretion. The occluding device con sisted of 10 mm polyethylene tube (Intramedic PE 50; Clay-Adams), cut incompletely into four joined segments retaining their individual mobility ( Fig. I) and two sur gical threads of different thickness (Prolene 6-0 and 7-0; Ethicon). After removal of anterior muscles surrounding the trachea to expose bilaterally the common carotid ar teries, the device was placed in such a way that each ar tery was found between two segments of the device, whereas the central link with lateral segments was in front of the trachea. One occluding and one releasing thread were passed subcutaneously and then through the segments of the device (as shown in Fig. I ) with the ends of the threads externalized at the side of the neck and secured behind the animal's head until the time of the experiment. Penicillin G was administered both topically and systemically for prevention of postsurgical infection. All common carotid occlusions were carried out under halothane anesthesia (2% halothane in 30% O2, 70% N20). Body temperature was kept at 37-38°C in all an imals. Occlusion of carotid arteries was accomplished by sustained tension on the occluding thread; conversely, recirculation was initiated by a brief pull on the releasing threads. Blood gases were measured at various intervals in a number of the experiments using a Corning micro blood gas analyzer. Blood pressure was monitored in sev eral experiments via a pressure transducer attached to a femoral artery catheter.
Animals were divided into groups that were subjected to three 5-min bilateral carotid occlusions with different intervals between them and different recirculation time until death, as well as to single 5-min and 15-min occlu sions. The numbers of animals in each group are given with individual assays.
Measurement of CBF
The regional CBF (rCBF) was assessed by a [3H]nico tine method, essentially as previously described (Ohno et aI., 1979; Suzuki et aI., 1983) . Briefly, the femoral artery and vein were catheterized with polyethylene tubing (PE 10 and PE 50; Intramedic, Clay Adams). Body tempera ture was controlled using a heating blanket. [3HJNicotine (10 fLCi in 0.17 ml saline) was infused continuously into the femoral vein during 35 s, while arterial blood was si multaneously sampled into heparinized saline using a sy ringe pump, withdrawing blood at the same rate as that of infusion (flow rate 0.293 ml/min). At the end of the ex periment, the animals were decapitated and brain tissue samples (10-30 mg) were immediately taken from cere bral cortex, caudate, hippocampus, and cerebellum, placed in pre weighed polyethylene microfuge tubes, and weighed. The arterial blood sample was also transferred with heparinized saline washes into a similar tube and weighed to determine total sample volume.
Radioactivity was quantitated using a modification of previous procedures (Ward and Plagemann, 1969; Al bright et aI., 1978) , resulting in identically processed blood and tissue samples that counted with high effi-J Cereb Blood Flow Metabol, Vol. 7, No.6, 1987 ciency. Tissue samples were disrupted by sonication in 0.3 ml H20 and transferred to scintillation vials. The orig inal tubes were rinsed with 0.2 ml concentrated NH40H, that was then added to the vial. Samples were bleached by the addition of 0.2 ml 30% H202• Aliquots of arterial blood (20 fLl) were placed directly in scintillation vials and processed similarly, except H202 was added first, dropwise, to bleach the sample, followed by H20 and NH40H. After several hours, 2.5-ml tissue solubilizer (Protosol) was added, and samples allowed to stand over night. Scintillation fluid (15 ml; Econofluor II) was added, and vials were shaken occasionally until a clear solution was obtained. Samples were counted after the dissipation of mild chemiluminescence (2 h) at effi ciencies of 40-50%. Counts were corrected for efficiency of individual samples determined by an external stan dardization procedure, calibrated originally using internal 3H standards. CBF was calculated as described by Van Uitert and Levy (1978) , assuming complete extraction of [3H]nico tine and negligible venous outflow. Tissue radioactivity contributed by residual blood volume was determined under these conditions to be <5% of total radioactivity in control samples, and it was ignored in the calculations.
Assessment of water content changes
Water content in the brain tissue was evaluated by spe cific gravity measurements according to a modified method previously described (Fujiwara et aI., 1981) using brain tissue samples of � I mg obtained from the cerebral cortex, caudate, hippocampus, and cerebellum.
Histopathology
For morphological studies, the animals were killed by a short, intracardiac perfusion with phosphate buffered sa line followed by 15 min perfusion with a mixture of 0.5% paraformaldehyde and 1.5% glutaraldehyde (in 0.1 M phosphate buffer, pH 7.4). Brains were removed and im mersed in 3% glutaraldehyde (in 0.1 M phosphate buffer, pH 7.4) for another 12 h. They were then dissected into I to 2-mm thick slices and embedded in paraffin. Sections, 4-to 5-fL thick, were cut from the paraffin embedded blocks and stained with Hematoxylin/Eosin and Cresyl violet stains.
Statistical analyses
Values of a given parameter in the various experi mental groups were compared with the control using Dunnett's test for mUltiple comparisons (Dunnett, 1964; Winer, 1971) . Calculations were done on the Apple Mac intosh computer using the program package Stat View 512+ (Feldman et aI., 1986) .
RESULTS
General observations
The animals tolerated carotid occlusions well, and no seizures were observed. There was no mor tality within 24-h following a single 5-min occlu sion, whereas it reached 11 % after a single 15-min occlusion and 42% after three 5-min occlusions car ried out at I-h intervals. The systemic blood pres sure showed a rapid rise during ischemia and a rapid drop after release of occlusions, returning to normal well before the subsequent occlusions ( Fig.  2 ). Blood gases and pH assessed at various points throughout this time course remained within normal limits (Table 1) .
CBF
The time course of changes in rCBF following single and repeated 5-min occlusions is shown in Figures 3 and 4 , with a statistical analysis in Ta ble 2. Blood flow in cerebral cortex, hippocampus, and striatum fell to essentially undetectable levels during occlusion, whereas values in the cerebellum remained unchanged. Following release of a single occlusion, there was rapid recovery of the CBF to control values in all regions that was followed within 15 min by a period of hypoperfusion. The initial postischemic rCBF recovery after the second and the third occlusions was significantly lower than that observed after the first 5-min occlusion; on the other hand, the levels of hypoperfusion ap peared to be similar after each ischemic insult. The hypoperfusion after a single 5-min occlusion ap peared to recover at 6 h of recirculation, whereas there was only a partial recovery at that time fol lowing a single 15-min occlusion or after three 5-min occlusions at I-h intervals. In all regions sub jected to ischemia, the rCBF values at 24 h of recir culation tended to be lower than control values, al though with the exception of caudate after three occlusions, none of these differences was signifi cant.
Edema
Measurements of brain water content by the spe cific gravity method revealed that the single 5-and 15-min occlusions were followed by a moderate but significant edema developing within I h after recir culation, which however showed full recovery at 6 h ( at that time showed significant edema in the cortex and the caudate. In gerbils subjected to three 5-min occlusions at I-h intervals, there was a moderate progressive increase in water measured I h fol lowing each occlusion. During the next several hours after the last occlusion the specific gravity showed a plateau pattern, although at a lower level than observed following single occlusions. Six hours after the third occlusion the specific gravity in the cerebral cortex and hippocampus revealed further recovery, whereas the caudate showed a further increment in water content (Fig. 5 ). Strik ingly, gerbils killed at 24-h after three occlusions spaced at I-h intervals showed the most pro nounced edema in all structures subjected to isch emia (Table 4 ; Fig. 6 ). This late increase in edema was closely related to the interval between occlu sions. Thus, in gerbils with three 5-min occlusions at 3-min intervals and killed after 24 h, the cortex and hippocampus showed practically no significant edema, although edema of some moderate intensity was present in the caudate. Moderate edema was present at 24 h in all structures in gerbils with three 5-min occlusions spaced at to-min, 6-h, and 12-h intervals, whereas in gerbils with 24-h interval be tween occlusions, a slight edema was noted only in hippocampus (Table 4 ; Fig. 6 ).
Histopathology
Morphological observations were made in an imals killed after 24-h recirculation following either single 5-or 15-min occlusions and after three 5-min occlusions at 3-min and I-h intervals.
Gerbils with a single 5-min occlusion revealed slight changes, confined primarily to the hippo campus. The CAl neurons showed a loss of Nissl substance and accentuated staining of apical den drites of pyramidal cells. As previously described, CA2 neurons showed the picture of "reactive change" (Ito et al., 1975) . Other brain regions ap peared to be normal, except for a few dark neurons occasionally seen scattered in the cerebral cortex and the caudate nucleus.
In animals killed after a single 15-min occlusion, the changes in hippocampus were similar to those after 5-min occlusion, but more pronounced. In ad dition, CAl sector showed occasional dark, shrunken, or extremely swollen neurons, usually associated with a marked vacuolation in the adja cent neuropil (Fig. 8 ). Few dark, pyknotic neurons were seen in the CA4 sector; fascia dendata showed some loss of Nissl substance (Fig. 8) . In cerebral cortex, the ischemic changes were mostly limited to the third and fifth cortical layers (Fig. 7) . In two out of six animals, vacuolation in the neu- Values indicated are means ± SD for determinations for 5 animals.
ropil was more widespread involving all cortical layers, but generally it was circumscribed and sharply demarcated from better preserved areas. In the caudate, in particular, smaller neurons revealed morphological signs of damage (Fig. 7) .
In animals subjected to three 5-min occlusions at 3-min intervals, generally mild changes were found. Cerebral cortex revealed only occasional ischemic cell damage, whereas such change was more evi dent and widespread in the smaller neurons of the caudate (Fig. 7) . Ischemic damage in hippocampus was similar, but less pronounced, than after a single I5-min occlusion (Fig. 8) . Gerbils subjected to three 5-min occlusions at I-h intervals revealed most severe changes suggesting marked edema in all structures subjected to isch emia. The changes in the cortex were characterized Control (7) Occlusion (4) 3-min after I interval x 5 min ( by widespread, spongy vacuolization, affecting all cortical layers (Fig. 7) . Most of the cells showed pyknotic nuclei, surrounded by extremely swollen cytoplasm. Some of the neurons were strongly aci dophilic and shrunken. These changes were most pronounced in the frontal cortex. In other cortical areas there was occasionally a sharp demarcation from the better preserved areas. In the caudate there was a widespread picture of neuronal ne crosis, including the large cell type, with the cells recognizable by their pyknotic nuclei and ex tremely swollen cytoplasm (Fig. 7) . Severe neu ronal injury predominated throughout the hippo campus; even the fascia dentata revealed mostly dark, pyknotic nuclei and severe vacuolization of the neuropil (Fig. 8) .
DISCUSSION
The presented experimental model allows induc tion of cerebral ischemia in the gerbil at any desired duration and frequency, with the option of dis pensing with anesthesia if this is desired. Physio logical parameters are well maintained under the experimental conditions employed (Table 1; Fig. 2 ).
Control CBF values in this study agree well with other studies using similar methods in conscious or lightly anesthetized animals (Sakurada et aI. , 1978; Ohno et aI., 1979) . The efficacy of the experimental procedure presented here is evident from the rCBF measurements ( Fig. 3; Ta ble 2 ) that show the con sistent drop of blood flow to extremely low levels and the effective reperfusion, both produced by manipulation of corresponding threads. Although the postischemic recovery of blood flow after the second and the third occlusion was perceptively lower than that after the first 5-min occlusion, the promptness and level of each recovery indicates absence of any major disturbances of recirculation. The recovery of blood flow was rapidly followed by the characteristic period of hypoperfusion (Levy et ai. , 1979; Miller et aI. , 1980; Pulsinelli et aI. , 1982b;  (6) 1.0462 ± 0.0007b (7) Hippocampus 1.0461 ± 0.0006 (6) 1.0466 ± 0.0003 (6) 1.0439 ± 0.0011 b (7) Caudate 1.0485 ± 0.0002a (6) 1.0479 ± 0.0004b (6) 1.0466 ± 0.0007b (7) 5h Third occlusion + 3 h Cortex 1.0469 ± 0.0005b (6) To dd et a!., I986a), regularly demonstrated in an imals killed 15 min after release of occlusion (Table  2 and Figs. 3,4) . The degree of hypoperfusion was very similar following each ischemic insult, showed a general tendency for recovery within 6 h of recir culation and was absent in all groups of animals killed after 24-h of recirculation. The specific gravity measurements suggested a biphasic character of edematous changes, espe cially evident in animals with repeated insults (Fig.  5; Ta ble 3 ). In the first phase, these changes were characterized by the onset of a slight, but signifi cant, edema soon after the first occlusion, in creasing somewhat with subsequent insults but showing a tendency towards improvement by 6 h. The second phase of edema was marked by a drastic increment in water and was most evident in animals that underwent three occlusions at I-h in tervals and were killed at 24 h. Thus, the effect of three repeated 5-min occlusions was far greater than that of a IS-min occlusion produced as a single insult. This could not have been predicted from previous knowledge of ischemic thresholds for edema (Iannotti and Hoff, 1983 ; To dd et a!., I986b).
Otherwise, a special susceptibility of the caudate to development of edema was particularly evident in gerbils subjected to a single 5-and IS-min occlu sion, in which specific gravity values were consis tently lower in the caudate than in the cortex or the hippocampus, until a resolution of edema was ob served at 6 h or recirculation (Table 3 ; Fig. 5 ). Moreover, following the single IS-min occlusion, the caudate showed significantly more severe edema after 24 h than the other structures. This special sensitivity of caudate may have its counter part in the early histological effects observed in these regions following occlusions of moderate to long duration observed here and by others (Pulsi nelli et al., 1982a) .
Most significantly, the evaluations of specific gravity revealed a marked cumulative effect of re peated occlusions on development of edema when the ischemic insults were spaced I h apart, i.e., when they were induced during the period of hypo-perfusion. Such animals, killed after 24-h of recir culation, showed significantly lower specific gravity values in the cerebral cortex and the hippo campus when compared with specific gravity mea surements in gerbils subjected to a single 15-min occlusion, whereas the caudate in both groups re vealed a marked edema. Less striking cumulative effects of repeated insults on the increment in brain water content were seen in gerbils killed 24 h after recirculation in which repeated occlusions were carried out at intervals of 3-or IO-min, or 6, 12, and 24 h, when hypoperfusion was not much in evi dence.
The cumulative effect of three repeated 5-min oc clusions at I-h intervals was also apparent in mor phological observations in animals killed after 24 h of recirculation. In these gerbils, the intensity of neuronal damage and spongy, vacuolated appear ance of neuropil was manifestly greater than any of these changes that could be observed in animals with a single 15-min occlusion. Otherwise, the in tensity of vacuolization and neuronal changes in animals with three occlusions at l-h intervals were in stark contrast with the very mild changes ob served in gerbils in which 5-min occlusions were spaced 3 min apart. In the latter animals, the inten sity of ischemic damage was generally very mild, correlating with the absence of any significant edema in the brain regions examined, except for caudate.
From these observations, it can be suggested that the presence of hypoperfusion may play an essen tial role in the cumulative effect of three 5-min oc clusions, expressed in markedly aggravated edema and brain tissue injury, as compared with ischemia of equivalent total duration experienced as a single 15-min occlusion. The causal relationship between hypoperfusion and edema allows for entirely dif ferent interpretations. On one hand, the hypoperfu sion may reflect microcirculatory response to some vasoconstrictive factors; or reduction of vascular tion, since the rCBF measurements may reflect in homogeneous circulation and an increased blood flow in arterioles and larger vessels possibly com pensating for a severe flow reduction due to com pression of the capillary network. A number of mechanisms could account for this cumulative effect of repeated ischemic insult, re sulting in severe edema and brain tissue injury ob served after 24 h of recirculation. It is possible that during repeated insults there is a release and pro gressive accumulation of some injurious factor or that each successive ischemic insult results in in creased secondary hypoxia. The latter may be taking place, in spite of the [3H]nicotine assays failing to reveal a progressive increase in hypoper fusion after each ischemic episode, and again this may be due to compensatory dilatation of arterioles associated with increasingly compromised micro circulation at the capillary level. Vasoactive arachi donic acid metabolites are known to be produced in gerbil brain following transient ischemia (Gaudet et aI. , 1980; Kempski et aI. , 1987) , and the cycles of ischemia and recirculation produced in the present study may have some similarities in effect to pro longed periods of low blood flow, previously de scribed in the gerbil to result in edema that could be partially prevented by inhibition of prostaglandin synthesis (Crockard et aI. , 1980; Iannotti et aI. , .. / .... . .• !-; • \981). Regardless whether some biochemical factor or secondary hypoxia are responsible for the cumu lative effect, it is possible that they both, progres sively increasing in repeated insults, can reach a point beyond thresholds compatible with survival of the tissue, and this could account for the drastic changes observed in repeated ischemic insults after 24 h.
The presented observations that repeated insults may lead to cumulative deleterious effects on brain tissue may have clinical implications. They may be of practical relevance in neurosurgical procedures requiring temporary interference with circulation. In addition in future studies, this model may pro vide elucidation of some pathomechanisms opera tive in transient ischemic attacks, so clinically im portant.
